Abstract The spatial and temporal regulation of lipid molecules in cell membranes is a hallmark of cellular signaling and membrane trafficking events. Lipid-mediated targeting provides for strict control and versatility, because cell membranes harbor a large number of lipid molecules with variation in head group and acyl chain structures. Signaling and trafficking proteins contain a large number of modular domains that exhibit specific lipid binding properties and play a critical role in their localization and function. Nearly 20 years of research including structural, computational, biochemical and biophysical studies have demonstrated how these lipid-binding domains recognize their target lipid and achieve subcellular localization. The integration of this individual lipid-binding domain data in the context of the fulllength proteins, macromolecular signaling complexes, and the lipidome is only beginning to be unraveled and represents a target of therapeutic development. This review brings together recent findings and classical concepts to concisely summarize the lipid-binding domain field while illustrating where the field is headed and how the gaps may be filled in with new technologies.-Stahelin, R. V. Lipid binding domains: more than simple lipid effectors. J. Lipid Res. 2009. 50: S299-S304.
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Supplementary key words C1 domain • C2 domain • peripheral protein Cellular membranes harbor receptors, ion channels, lipid domains, lipid signals, and scaffolding complexes, which function to maintain cellular growth, metabolism, and homeostasis. Moreover, abnormalities in lipid metabolism attributed to genetic changes among other causes are often associated with diseases such as cancer (1) . Thus, there is a need to understand molecular events occurring within and on membranes as a means of grasping disease etiology and identifying viable targets for drug development (2) . The lipid bilayer has a highly polarized structure that consists of a central hydrocarbon core and 2 flanking interfacial regions that are highly dynamic and may contain .1,000 different lipids (3). This dynamic variety of glycerophospholipids, sphingolipids, and sterols in the membrane organelles provides spatial and temporal architecture to direct signaling processes through target proteins. Because nearly one-half of all proteins are located in or on membranes, it is not surprising that there is a variety of conserved lipid binding domains in eukaryotes. Some of these domain families rank in the top 15 modular domains in the human genome and are most often found in signal transduction and membrane trafficking proteins (4) .
Lipid-binding domain research can be traced back to the discovery of protein kinase C (PKC) in the late 1970s (5) , which led to the identification of conserved regions among PKC isoforms, now termed C1 and C2 domains, which harbor distinct lipid binding properties. Later, a substrate of PKC termed pleckstrin was identified to possess the first phosphoinositide (PI) binding region termed the pleckstrin homology (PH) domain. This was followed by an array of structural data on C1 (6), C2 (7), and PH domains (8) and eventually the identification of more lipid-binding domain genomes with bioinformatic studies. Subsequently, these individual domains have been rigorously characterized to understand how they bind membranes, translocate to membrane docking sites in the cell, and function to regulate their parent protein. Yet, there is still a paucity of predictive data for lipid-binding domains, meaning they have to be studied in vitro and in cells on an individual basis to characterize their function. Nonetheless, the mechanisms by which these modular domains control host protein activity are beginning to be unraveled, and we should expect a rush of informative studies in the coming decade. The advent of high throughput methods geared toward studying these domains on a genomic, proteomic, and lipidomic scale will play a major role in this regard. My aim in this review is to introduce general principles governing the lipid binding and cellular localization of some of the lipid-binding domains. The description and examples used are selective, and I refer the reader to other compelling reviews (4, (9) (10) (11) Figure 1 summarizes some of the common properties of these lipid-binding domains. All intracellular membranes contain a varying degree of anionic lipids, and a majority of lipid-binding domains contain cationic surfaces, at least locally. Despite specific or nonspecific interactions primarily with anionic lipids, lipidbinding domains have distinct membrane binding mechanisms allowing control in cellular signaling mechanisms and a niche to be exploited in drug development. While some lipid-binding domains are highly specific in their coordination of a lipid head group, others are nonspecific and associate with a membrane based upon its physical property such as charge or curvature. Thus, spatial and temporal signals can be crucial to regulating targeting of lipid-binding domains to the intracellular membrane.
Spatial regulation can be mediated by degree of membrane curvature and inherent differences in bulk lipid compositions among membrane organelles. Temporal regulation can occur through metabolism of PIs and diacylglycerol (DAG), the second messenger Ca 21 , and local membrane curvature changes induced by cell signaling processes. Moreover, a number of peripheral proteins are regulated in both a spatial and temporal fashion. For instance, proper targeting may require a certain degree of membrane curvature harboring a temporally regulated lipid or the presence of two different lipids with docking sites on a single protein. This dual mode of recognition by a single lipid-binding domain is referred to as coincidence detection (11) and has been observed for PX (17), PH A: C1 domain hydrophobic interactions facilitate the docking to the bilayer for efficient DAG or phorbol ester coordination. B: PH domains can bind a variety of PIs as described in the text. Some PH domains primarily associate with the membrane through electrostatic interactions with the PI, while a number of PH domains anchor to the membrane upon PI docking through penetration of hydrophobic residues adjacent to the PI binding site. PIs induce the membrane penetration of PX domains through a reduction in the desolvation penalty surrounding exposed hydrophobic residues adjacent to the PI binding site. The ENTH domain coordinates PIP 2 , which induces formation of a N-terminal a-helix from an unstructured region. The amphipathic a-helix then inserts into the membrane to induce changes in membrane curvature. C: FYVE domains selectively bind PtdIns(3)P at a site adjacent to the hydrophobic membrane protrusion loop. Following nonspecific electrostatic association, PtdIns(3)P docking to FYVE domains induces the membrane penetration through a reduction of the desolvation penalty. D: Two modes of binding are depicted for C2 domains. Ca 21 ions are shown in yellow. Ca 21 -binding C2 domains can associate with anionic or zwitterionic membranes depending upon the residues present in their Ca 21 -binding loops. Some C2 domains contain a patch of cationic residues in their b-groove that is able to bind lipids such as PIs and may function in coincidence detection. E: Many BAR domains resemble the shape of a crescent moon and are rich in cationic residues on their concave surface. Thus, many BAR domains selectively associate with membranes of high curvature due to the shape of their concave surface and the greater ability for facilitating electrostatic interactions with the highly curved membranes. (18) , and C2 domains (13) . Recently, it was also demonstrated that lipid-binding domains could be regulated by pH. The Kutateladze laboratory identified perhaps the most compelling feature among FYVE domains in their ability to target endosomes at acidic pH due to His protonation (19) . This opened the door for them to demonstrate that other domains such as PH (20) and ENTH (21) can target membranes in a pH-dependent manner due to His protonation.
Because many proteins harboring lipid-binding domains are enzymes, the stereospecific recognition of lipid head group and hydrophobic membrane penetration have important functional consequences with regards to biological activity. Indeed, there are a number of cases where a disease is attributable to the abrogation of these properties (22) (23) . Bioinformatics and computational biology have also begun to play a major role in lipid-binding domain studies, eliciting predictions of potential lipid-binding proteins (24) , the role of electrostatics in lipid binding (25) , and assembly of databases that compile lipid-binding domain data and predictions of membrane binding properties (26, 27) . The BAR domain field is one area where atomistic molecular dynamics simulations have excelled. Studies from the Voth (28) and Schulten (29) laboratories have been informative on how fast these domains induce membrane curvature, the curvature dependency of BARmembrane associations, and how different arrangements of BAR domains on lipid surfaces lead to a variety of curvature changes.
C1 DOMAINS
The C1 domain was first identified as the interaction site for DAG and phorbol ester in PKCs. It has a wellconserved, cysteine-rich compact structure (?50 amino acids) that contains five short b strands, a short a-helix, and two zinc ions (30) . More than 30 different mammalian proteins contain the C1 domain, and most of them have been shown to bind DAG and phorbol ester. The X-ray crystal structure of the PKCy C1B domain shows that it has unique structural features that are consistent with its membrane binding mechanism (6) . The domain has a polar binding pocket for DAG/phorbol ester located at the tip of the molecule. This pocket is surrounded by hydrophobic and aromatic residues that penetrate the membrane (31) to anchor the domain for DAG binding. Surface plasmon resonance measurements indicate DAG binding increases the vesicle affinity of the PKC C1 domains by more than 2 orders of magnitude, mainly by reducing the dissociation rate constant. Because hydrophobic and aromatic residues surrounding the DAG binding pocket are exposed, isolated C1 domains typically have a tendency to aggregate in solution. Thus, the C1 domain in the fulllength protein is often buried in the inactive form of the enzyme and becomes accessible to DAG or phorbol esters only after an interdomain conformational change in the case of PKCa (32) and chimaerins (33, 34) .
Originally, it was thought DAG bound in the same mode as phorbol ester; however, minor variations in sequence homology are responsible for dramatic changes in affinity for DAG and phorbol ester, including abrogation of binding to one ligand and nanomolar affinity for the other. The structural basis of differential DAG and phorbol ester affinities of these C1 domains is not fully understood, partially due to lack of structural information on DAG coordination, which may stem from the difficulty associated with purifying these small hydrophobic domains. The recognition that the C1 domain is a drug target led to the development of a number of lead compounds, including several that are close to clinical trial. I refer you to the work of Peter Blumberg et al. (12) for critical insight.
C2 DOMAINS
Following its discovery in PKC, the C2 domain (?130 residues) was identified in other proteins such as synaptotagmins and group IVA cytosolic phospholipase A 2 (cPLA 2 a), which also bind membranes in a Ca 21 -dependent fashion. The C2 domain represents the second-most abundant lipid-binding domain with at least 200 examples identified in the Pfam database. While most C2 domain proteins are peripheral and bind reversibly to membranes, some C2 parent proteins are transmembrane proteins involved in membrane trafficking. Although the parent protein is anchored to the membrane, these C2 domains can bind reversibly in a Ca 21 -dependent manner (35) . The lipid affinity as well as the Ca 21 affinity of the Ca 21 -binding C2 domains can vary greatly. The general mechanism of how a number of C2 domains associate with membranes in a Ca 21 -dependent mode is well established; however, physiological functions and Ca 21 -and membrane-binding properties of a large portion of C2 domains still remain unknown. Structural studies have shown that C2 domains have a common fold of conserved eight-stranded antiparallel bsandwich connected by surface loops (7) . The specificity in C2 domain targeting arises in the surface loops, which are variable in amino acid sequence and conformation and most often involved in lipid binding. Also of functional consequence is a cationic patch in the concave face of the bsandwich, termed the cationic b-groove, which varies in size and electrostatics among C2 domains (13) . Cationic b-grooves have been shown to bind ceramide-1-phosphate (36) as well as PIs including PI(4,5)P 2 (37) . Thus, many C2 domains are able to coordinate multiple lipids in both a Ca 21 -dependent or independent manner. The preliminary data available on the dual lipid recognition mode of C2 domains suggests C2 domains may be multiply regulated by different lipids and Ca 21 signals and in some cases may require coincidence detection (e.g., interaction with multiple lipid targets) to achieve high affinity and cellular localization.
PH DOMAINS
The PH domain is composed of ?100 amino acids and is the most abundant lipid-binding domain with .225 examples identified (14) . Of the seven PIs in the mammalian cell, the PH domain binds specifically to PIP 3 , PI(4,5)P 2 , or PI(3,4)P 2 (14) . Reports of binding PI(3)P and PI(4)P are well documented, but the reliability of this specificity is still controversial. The membrane binding of PH domains is initially driven by nonspecific electrostatic interactions, which is followed by specific PI binding to increase the membrane residence time. A recent report demonstrated some PH domains anchor to the membrane through aliphatic residues adjacent to the PI-binding site (38) .
The majority of PH domains have a conserved basic motif [K-X n -(K/R)-X-R] in which the basic lysines and arginines play an important role in forming H-bonds with the head group of the PI. Other basic residues located within the domain vary from domain to domain and can provide a stronger binding affinity and create a unique binding pocket. Two distinct members of the PH domain family (TIAM1 and ARHGAP9) (39) were recently discovered that bind membranes through a site on the opposite side of the b1-b2 loop, suggesting that there are still novel PH domains to be discovered within the genome.
The importance of PH domains and disease was recently highlighted in an elegant study demonstrating that an E17K mutation in the AKT1 PH domain causes cancer. The E17K mutant was constitutively active due to pathological localization of E17K to the plasma membrane (PM) (22) . The Falke laboratory (40) has shed some light on this pathological mechanism, demonstrating that the PI specificity of the AKT1 PH domain is drastically altered by the E17K mutation. Their biophysical analysis demonstrated E17K binds PI(4,5)P 2 with even greater affinity than PIP 3 , and the constitutive PM localization of E17K may be due to binding to pools of PI(4,5)P 2 often found in high concentration on the inner leaflet of the PM.
CONCLUSIONS AND FUTURE DIRECTIONS
The critical role membrane-protein interactions play in the execution and regulation of many cellular processes, including cell signaling and membrane trafficking, has become evident in the past decade. Since the first discovery of a lipid-binding domain in 1989, progress in our understanding of the membrane binding mechanisms of these small modular domains and their host proteins has been substantial thanks to rapid developments in structural biology, computational biology, in vitro biophysical studies, and microscopic cell imaging.
The main gaps in the field lie in understanding the detailed orchestration of cell signaling and membrane trafficking events mediated by lipid-binding domains. Combining single molecule imaging of protein dynamics with quantitative lipid sensing could lead to an unprecedented view of the molecular architecture of signaling complexes. Computational biology will serve to predict signaling cascades, drug targets, and the effects of drug compounds on the disease state of the cell. B: Depiction of how new technologies will be applied to live cell studies.
answering these questions, which should be possible with recently developed methodologies.
The lipidomics initiative has made significant strides in elucidating the different lipid structures among cell types and membrane organelles. Lipid sensors such as green fluorescent protein (GFP)-tagged lipid-binding domains have provided qualitative data on PI and DAG levels, and a recent DAG reporter shows promise as a more quantitative assessment of DAG levels in real-time (41) . Certainly, even more quantitative lipid sensors should be possible such as those engineered to detect phosphatidylserine (42) . Synthetic sensors may hold promise, as they can be engineered to harbor imaging capabilities such as those of Ca 21 indicators developed by Tsien et al. (43) . Limitations in the lipid-binding realm will be sensitivity, selectivity, cellular uptake, and inhibition of downstream signaling events. These sensors will be less likely to interact with cellular proteins than GFPdomain fusions and with high sensor affinity may be able to overcome serving as a dominant negative in studying signaling events. Single molecule studies using fluorescence correlation spectroscopy (FCS) hold promise for investigating quantitative questions of lipid diffusion and lipid binding. The FCS studies should unveil the differences between ensemble and single molecule measurements and can answer questions such as: How many ENTH domains does it take to bend a locale region of the PM to initiate endocytosis? Combining the proposed studies such as in an elegant genome-wide study of PIP 3 regulated PH domains by recursive-learning algorithm and rapid live imaging (44) will yield a quantitative picture of lipid-dependent events and should impact translation studies.
